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SUMHARY

Parformance data on & small Alresearch exhaust gas
and alr heat exchanger are presented. Heat transfer rates
were msasured, using about 8000 pounde per hour of exhsauat
£as and about 4300 pourds per hour of ventllating air.
The inlet exhaust gas temperature was maintained at approx-
imately 1400° ¥; whereas the ventilating alr temperature
was about 959 ¥, Tests were made with ths alr shroud
disposed 1n two different positions, Pressure drop measure=
ments were made on both the exhaust gas elde and the ven=
tllating alr side of the heat exchanger.

The maximum measured rate of heat transfer was
259,000 Btu per hour; whereas the maximum statlic pressurse
drops were 7.3 lnches of water and 12.4 1lnches of water on
the exhaust gas and ventllatlng air sldes of the heatsr,
respectively.

The muasured thermal outputs and pressure drops are
compared with pradicted values and also with measured
values obtainbd on a similar bdut larger Alresearch fluted—
type heatar.

Equatlons for the mnlt thermal conductance reported

eerller mre rewritten in terms of thea L/D ratlo of finned
or unfinnsd heat exchangers.

INTRODUCT ION

The heater, deslignated for purposes of this resport
as Alresesarch hsater no. 2, was tested on the large test
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gtand in the Machanical Engineering lLabexatorles of the
University of California. (See fig. 1; for a description
of this test stand, see reference 1l.)

Phe results of tests on a similar dbut larger Alresearch
heator (deeignated as no. 1) have been given previously.
(see reference l.) These haaters are designed for use in
the exhaust gas stream of alrcraft engines for cabdin, wing,
and tall-gurface hoating systems. s .

The following data were obtained:

l, Welght rates pf exhaust gas and of ventilating
air through the two sldes of the heat exchanger

2. Tempsratures of ventillating alr and of exhaust
gas at entranco and exit of the heater

3. Temperatures of the hsatar surfaces

4, Static preasurc drop measuraments on tha exhaust
cas and vantllating alr sides of the heater
under both igotharmal ond non-ilgothermal flow
conditions

Theee measurements were made with both of the air-
shroud openings on th2 same sides of the heater and wsere
then repeated with the 2ir inlet on the opposzlte side
from tno air outlast header, (See Ffigs, 4 and 5.)

STUBOLS
A arca of heat trapsfer, ft2
C, censtant (defined 1in Appendix)
Cpa heat capacity of air at constant pressure, Btu/ld °F
Cp hoat capecity of szheust gas gt c:cnetaat prassure,
& Btu/1lb °F

D Iyirauiic diameter, fb
hydrsulic diasmstcr on ventilating alr side, ft

Dg hydraunlis dlemeter on exhaust gas side, ft
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a

unit thermal convective conductance (average with'
length), Btu/hr ft3 Of :

‘unit thermal convective condudtance for the venti-

. lating air (average with length), -Btu/hr ft2 OF

unit thermal convectiva conductance in a duct for
elther.fluid using the ‘hydraulic diameter D 4&s
the aignificant dimoansion in aquation (12) (aver-
age with length), Btu/hr £+2.°F

unlt thermal convectlve conductance for the exhaust
gas (average with langth), Btu/hr £t9 OF

unlt thermal convectlve conductance along a flat
pldte for eithér fluid, using the langtia of the
flat plate in tha direction of fluid flow as the
slgnificant dimension in equation (9) (avarage_
with length), Btu/hr £t3 °F

gravitational force per unit of mass, 1b/(1lb sec?®/ft)

weizht rate per unit of nrea, 1lb/hr fi?

welght rate per unit of area for ventilating air,
1t/hr - ftB -

welght rate per unit of area for exhaust gas,
-1b/hr ft2 o :

length of flat plate measured in dlrectlon of fluid
flow, Tt . . :

length of heat transfer surface, ft
heat trancsfer perimeter, ft

|'.

measured rate of enthalpy chan*e of ven?iIating alr,
' . Btu/hr - . . :

measured rate of enthalpy change of exhaust gas, Btu/hr

arlthmetlc average tempsrature of heatsr surface at
section defined by point 1, Op :

arithmetic aversge temperature of heatér surface at
gection defined by point 2, °F



Ty :.. .2Fithnetic average mixed-mean: absolute témperature
of éither fluld = T, + T5/2; 15 equation (8)
only, otherwise erithmetic average mixed-mean

' ITa, + Tag

¢ abeolute temperature of alr-= ——+—5———— + 460,°B
Tg . 'arithmetic average mixed-mean ebsolute temperature
Y _ + T !
. of exheust gae = —53-———§3 + 460. OR
2
T, uixgd-mean ebsolute temperature:ef fluid at point 1,
“op . .
Ty, - . "mixed-mean abeolute temperatu“e bf fluld at point 2,
-OR -
Tss0 mixed-mean absolute temperatura oflfiuiﬁ for 1iso-
thermal pressure-drop tests, °R
U over-all unit thermel conductance) btu/hr ft3 OF
TA ovar-all thermal conductance, Btu/hr °F

(Woint o "over-all thermal conductance tor.the center full-
fluted sectlon of the heater, 3Btu/hr °F

(UL) gpye OVer-all thermal conductance for the tapered ends
of the hoater, Btu/hr °F

W, walght rate of air, 1b/hr

wg wvelght rate of_exhaust gas, lb/hr

x length along a flat plate or duct measurcd in direction
of fluid flow, ft'

Y, wvelght donslity of fluid at entrarcs. to heating section
(point 1), lb/ft

8 + “thickness of boundary layar, ft
AP noh-isothermal ﬁreqsure drop a.long.h'ea.ter.'lb/fta
APgy prassurs drop along hzater on ventilating—air slds,

15/£t3



Apia pressure drop along heater on ventilating-alr
slde, inches HZO

-

APg pressure drop along heater on exhaust gas side,
1b/fta

AP'; pressurs drop along heater on exhaust gas side,
inchas HZ0

APT 1spthermal pressure drop due to friction along
iso heater at temperature Tigo

Attm logarithmic mean temperature difference, Op
n " viacosity of fluid, 1b sac/f_ta

ATy difference betwsen mlxed-mean temperatures of
vontilating air at sectlions defined by points
1 and 2 = (Tag -~ Ta;), °F

AT diffarence betwoeon mixed-moan tumpsretures of ex-
exhaust- gas at soctlons defincd by points 1
and 2 = (Tg, - TSa)' °F

Taq mixed-mean temperaturs of ventilating air at
section defincd by point 1, °F

Tag mixcd-mean tempcrcture of ventllating air at
section definad dby point 2, %%

Te. mixed-mean temperaturs gf sxhaust-gas at section
defined by polnt 1, "F

Tg, mixed~mean temperature of exhaust gas at section
definad by point 2, °F

Ro Reynolde number = G D/3600 g i

Polnt 1 refsrs to entrance end of heater

Point 2 refers to exilt end of heater

DZISCRIPTION OF-AIRESEAROH NO. 3 -HBATER AND

TESTING PROCEDURE

_ The Airesearch no. 2 unit 1s a parallel-flow, un-
finned, Tluted-type heater contalning 40 alterneate exhaust




gas ond ventilating alr passages. ,The over-all lenath
of the hoat transfer surface is 20% inches. A sketch
of this heater Ig shown in fligure 6. Also, photographs
of the heater are shown in flgures 2 to 5.

The principal difference batwaen Alresearch heatsr
no., 2 and heater no, 1 (see rafcrence 1 for s description
of tests on Alirescarck haater no. 1) 1s that the heat
transfer surfrnce of no., 23 1s shortar (20% In., as egeinst
26 in.). The dlamster of the shorter heater (ro. 2) at
the centor scctlon is one-helf 1lnch less than thet o
thae longor one (8% in. as ‘egainst 9 in.), end the total
number of pessages for the no. 2 unit 1s also less (40
against 45). The tapered eond scctions aro approximately
the sama on thoe two heateres. The same Alr shroud as was
used for the Alrossarch no. 1 hester tests (odbtainod from
Ames Aesroneutlcal Laboratory, MHoffett Fiold, Calif.) was
gshortoned to fit tha smaller hentcr., (See figs. 4 nnd 5.,)
The inlzt hecader of the sir shroud contaias vanes arronged
to distribute the flow of nir around the perimoter of the
heetcr.

The welght rates of sxhaust gaz and ventilating air
wera obtalned by menns of crlidrated square edgse orifices.

The oxhaust gns teﬁperqturus were maasurad nt tha
inlet ~ond outlet of tho henter by means of shielded
treversing thermocouples.

A mixing devico was used at the exi{y of the naturel-
g28 furnace to glve an approximrtely uniform temperanture
distribution =t the entrance to the heater (the measured
tcemparature distrlibution In deg F ot both inlet and out-
let ends of the heoacor was within *5 parcent of complecte
uniformity). (Sce reference 1 for a description of the
test stand nnd its instrumentation.)

The exkrust gans temperature $trnvorsos were mede aut
polnts 22 inches upstream and 16 inches downastream from
the hent transfcr section of the heater,

Temparatures of the ventilating air before and after
rassage through the heater were dctsrmined from traverses
made by unshlelded thermocouples. The temperature traverses
at the lnlet end of the hzater were uniforam withia 11 per-
cent and thosa at the ontlet end within *2 percent. These
traverses were made at points 22% inches before and 39%
inchos after the alr-shroud openings.



The heat loss to the surroundings was reduced to a
negligible amount by wrapplng the ducts vith asbestos
sheets.

Temperantures of the heater surfaces were measured
at six points, three at each end of the heater. (Sce
fig. 6.)

Statlc pressure drop measurements vere masde Aacross
the alr and exhaust gas sldes of the heater. Two taDS,
180 degrees avpart, vere installed at each presure measur-
ing station. The pressure taps on the exhaust grs side
vere placed 12 inches before and 12% inches after the heat

transfer saction of the hesater in an 8-inch duct and those
on the ventilating alr slde vere placed 27 inchas ahead of
and 20 inches after the alr-shroud omenings in a 5-inch
duct.

Heat transfer and nressure drop data were taksen with
the alr-shroud openings on the same sile of the hesater
(see fig. U4) and also vith the air ovenings on onposite
sides (see fig. 5).

CALCULATIONS
Hoat Transfer

The thermal output of the heater was determined t¥
the enthalpy change of the ventilating air:

Q= ¥y ey (T, -T_) (1)

in which cPa vas evaluated at the arithmetic average
ventllating-air temoverature as a good approximation., A
plot of q, agalnst W, at constant values of the exhaust
gns rate Wg is shovn in figure 7.

On the exhaust gas side of the heater:

Q, =¥, e (T, - T 2
g € “pp ' & ga) (2)




vhere cp was evaluated for alr at the arithmetic aver-
aze exhaust gas temperature previously mentioned.

Phe over-all thermal conductance UA was svaluated
from the expression

g = (UA) Atyp (3)

A plot of TUTUA ae a function of the ventilating .alr
rete W, at constant values of Ws 13 shown in figure 8,

A comparison of predicted and measured.results for
the larger Ailresearch no. 1l fluted-type heatsr (see refer—
ence 1) reveals that an erbitrary selection of the heat
transfer length L was not adeguate to account for the
different mechaniem of heat tranaer along the tapered
end sectlon as compared to that alonz the uniform full=
fluted center sectlon, .

The rate of heat trensfer through thls uniform fulle
flunted center section can be predicted bty means of the
equation

UA '
(. ”
a— + et
f.A/a f.A/8
where
A heat transfer surface of the center full-fluted section

fo » o the unit thormal conductances on the ventilating
8. € air and sxhauet gas sides of the heater, respec-
tively, are evaluated from the following equations:

0.8
o.a98 Gg

£, = 5.86 x 107* 1, e (5)
p, %"
and
- . ¢ 0.8
fog = 5.56 x 107% 1% °%% & _ (6)

Dg
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in which D 18 the hydraullc diameter and the subscripts
a and g denote ventilating air and exhaust gas sides,
‘regpectively, (Bee refarences 2 and 3 for derivation of
equations (5) and (6).)

The rate of heat transfer through the tapered ends
of the heater was obtained in a different manner. It 1is
vary difficult to calculate ths rate of heat transfer
through these end sectliona because of the nonuniformity
of the fluld flow and of the goeometry of the fluld passages,
Therefore the difference betweon the predicted over-all
thermel conductance through the uniform center sectlon of
the larger heater, using sgqustions (4), (5), and (6) and
the totel mcasured conductance of the larger heater (Alre-
search no. l)(reference 1) was used to dotermine the con-
ductance through the tapered end ssctions, which are =zbout
the sams slze aud shape on both haeaters.

The ond correctlon for the larszir heater (no. 1) was
found to vary in the following wnonnar:

Wa (Ca)ende
(1b/hr) (Btu/hr °F)
3000 64
5000 73
6000 77

The varlation of (U.L)enda with the exhaust gas rate
Wg was smaller in magnitude than with W, and was some-

what inconsistent since the magnitudos of (Ui)gpge &t

one value of Wg were smaller than thosa at a lower wvalue
of W
s.

Thus the predicted magnitudes of UA, for Alresesarch
no. 2 heater, as shown in filgure 8, are evaluated as the
sum of the UA calculated for the uniform full-fluted
center section ¢f hanter no. 2 from squations (4), (5),
and (6) and the (U.L)endB of heatar no, 1 esvaluated from

its variation with Wy previously shown, eaccording %o
the equation
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qg = (UA) Aty = { (UA)center *+ (Ul)end;] At in (7

This equation 1s exact only vhen the temmerature vpotentlal
betveen the axhaust pgas and the ventilating alr 1s constant
along the length of the heat exchanger. Thle is annroxi-
mated for an exhaust gas and air hapt exchanger in vhich
the temmperature potential 1s large and the Atlm is n
mean value of this potentilal.

Preggure Dromn

Thae non~lscth>rral mnressure Arnv nf elther fluid
through tbhe heatar was predicted Ffrom lsotharmal msasure-
ments by means of the equation

: T - 1'13 G \\ 1 m
P = LPq, \—-5—) *(3z73, 5= (-;13’ - (8)
0NT, 40 3670,/ Y, & \T,
vhere
APTi o isothermal preasure drop due to friction at
8

temverature Tiso

T, exd T, mixed-mean absolute temperrtures of fluid at the
irlet And the efxit of heater, respsctively

arithmetic average of T1 and Ta
G fluld flov per unit of cross-sectional Aarea

unit welght of fluid at inlet to heater evaluated
2t temperature T,

The heat transfer nnd mrecsure drop data for Airesearch
heater no. 2 otrtalned from tests vith the aAir-shroud oben-
ings on the sars side of tke hiater are presented Iin tadle I
and thos= from tests with ths air-shroud openingss on ovposite
sides are given in table II.

A comrarison of measured and nredicted pressure dromns
along both sldes of the heater 1s presented in table III
and shovn pgraphlcally in figures 2 to 1l1.
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DISOUSSION OF RESULTS ON AIRESEARCH NO, 2 HEATER

Since -the accuracy of temperature ‘measurements was
much greater on the air side of the heateéer, the enthalpy
change of the ventilating air wes used to determine the
thermal output of the heater,

The average measursd temmerature change of the ex-
haust gases during passage through tre heater vas about
75° ¥. A l-percent error in the determinntion of eilther

inlet or outlet exhaust gas temperature = 1boo° F
could cause an error of 19 mercent in the Eetermination

of the temperature change of the gas. The poor heat
balances obtalned for these tegts may be due to thls error
in measurement and also may be due Dartly tec incomplete
combustion of the exhaust gases.

At a ventilating air rate of UN00 mounds per hour
the over-all thermal conductance UA vas 14 percent
lover for this heater (Airesemrrch no. 2) than for the
larger (Airesearch no. 1) heater at An exhaust gas rate
of 7300 pounds per hour and 11 mercent lover at an ex-
haust gas rate of 4200 pounds mer hour. (See reference 1
for results on Alresearcah no. 1 hsater,)

The isothermal nressure dron on the ventilating »ailr
side of the heater vas 17 mearcent less and on the exhaucst

gns side 30 percent less for the smaller heater (Alresearch
no. 2).

The heat transfer length was reduced by 21 percent and
the diameter of the heater by 5- percent for the smaller

unit as compar=d with Airesearch heater no. 1,

The measured heater surface temmeratures were about
18 percent lower for the smallsr heater than for the larger
heater at corresponding fluid rates and temneratures,

Reversing the posltion of the outlet ventllating air
reader, thus causing the alr-gide oreninge to be on opposite
sldes of the heater, d4id not arpreciably affect the rate
of heat transfer. (See fig. 7.) The corresponding iso-
thermal pressure drops vere about & percent greater with
the reversed arrangement. The heater tempsratures were from
10 to 15 percent higher at the outlet end of the heater for
this reverged arrsngement: wvhereas the heater temperatures
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naar thb inlet end were about the same for the two positions
of the ailr shroud.

The two air-gshroud arrangements are plctured below:

alr in eir out air in

[ |

o

]

A 1
gas | as as | :
n i jout in out
|
| L_JJ iy
airkout

Alr openings or Air openines on
same side opposite sides

The predicted over~all thermal conductance TUA 1is
about 17 percent lower then the value derived from 'abora—~
tory measuremente at ~r axlaust .;as rats of 7940 pounds
per hour cnd about 3 pirecsst lower at an exhaust gas rats
of 4230 pounis per hour. (See figf. 8.)

The seemingly small varlation in the rredicted maz-
nitudes of UA with the exhaust gas rate was fdue in part
to the use of a value of (UA)ands which is depenient

only on the ventilating-alr rate. (See discussion under
Calculations.)
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The predlcted magnitude of the non-~isothermal pres-
sure drop derived from equation (8) compares well wilth.,
the measured. value when the air-shroud openings-were on
the same side of the heater, (See fig., 9.) The deviation
between predicted and measured values for the reversed air-
shroud arrangement may be due to the lncreased pressure drop
caused by greater contraction, expansion, and eddy losses
occaesioned by the reversing of the ventilating-air outlet-
header duct. (See fig. 10.) The isothermal pressure-drop
term APTiso used in egquation (8) should be that due to

friction alone.

The pradicted non-isothermel pressurs drops on the
exhaust gas slde of the heater are about 15 percent lower
than those mesasured in the laboratory. (See fig. 11,)

An inspectlon of flgures 9 to 11 reveals that the
slope of the non-isothermal pressure drop curve is less
than that of thes 1sothermal one. At high welght rates
the temperature.change of the fluld 1s small; this caAuses
~the last term in equation (8) T,/Ty - 1 +to be small and
thereby lowers the magnitude of the non-isothermal pressure
drop. Also on the ventilatlng air silde the non-isothermal
pressure drop must colnclde at an infinite welght rate of
ventlilating air with the isothermal pressure drop since the
inlet and outlet air temperature would be equal - that 1is,
isothermal.

CONGCLUSIONS

l. The thermal performance of Alresearch heater
no, 2 can be astimated to within 3 to 17 parcent by use of
the method descridbed in thile raport.

2., The non-isothermal pressure drop due to friction
can be approximated from measured isothermal pressure drop
values by means of equation (8).

3. A roduction in length from Alresearch heater no. 1
by 21 percent and in diameter by 5% parcent reduced the
thermal performance by only 10 to 14 parcent. On the ox-
haust gas side the praessurs drop was reduced by 30 porcent
and on the ventilatling 21r side the pressure drop was ro-
duced by about 17 parcent.
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Y}, The alternative arrangement of the outlet
ventilating air header for vbich the air inlet and
outlet openings vere on opposite sides of the heater
did not greatly affect the thermal or pressure drop
characteristice of Alreasearch heater no. 2 tested here.

University ¢f Califnrnia,
Berkeley, Calif.

APPENDIX

TENTATIVE EQUATIOI'S FOR THE CALCULATIOYW OF THE

" UNIT THEERMAL CONVECTIVE COFDUCTANGE ALOFG A
FPINNED OR UNFINNED HEAT EXCEANGER

INTRODUCTION

The flow of a fluid along a flat-plate fin or at
the entrance of a tube or duct placed in a field of uni-
form velecity may be approximately described as fellowvws.
A laminar bnundary layer of retardad v=slocity 1s initismsted
at the edge of the fin or tube and increases in thickness
with distance from the entrance., If the turbulence 1n the
fluid or the surface roughness, atc., 1s great enough, the
flow in this boundary layer may become turbulent. As a
firet appreximation the flow charscteristics near the tube
inlet may be considered to be thnse Along the leading edge
of a flat plate. At some polint Aovnastream from the entrance
of the tubse, hovever, the retarded lavers along the wallg
may 11l the tube completely. The same condition avplies
to flow between fins placed in close proximity. (See
sketeh on p. 21 and fig. 3 of rofarence 3.)

The relative thickness &/x of the boundary lavar in the
laminar regime varies apvroximately as Re~%'® nnd the thick-

ness & as x°'5; wvhsreas the ratilo _E o __Fuo varlss ag
—o.5 —o.5 ¢ cp Ra Pr
Re """ or as x ~, vhere x 18 the digstance in the direc-

tion of fluid flow memsured from the entrance of the tube (or
from the edge of the flat-plate fin)., If the bourdary layer is
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turbulent, its relative thickness 8/x varies as
Re~%*? and the thickness 8 as x°°®, whereas the

ratio t __Hu varies as Re~%'% or as x"°°%,

G cp Re Pr )
The corresponding functions in the region of transition
bz2tween laminar and turbulent flow ere less well known.
Downstream from the point wvhare the fluid flow is fully
developed (tube completely filled by boundary layers),
the unilt thermal conductance i1s 1lndepandent of the dis-~
tance from the tube entrance and daspends on the hydraulic
diameter of the tubs. When the locatlon of thie polnt of
fully developod flow 1s kncwn, the aquation for the unit
thermal conductance along flat plates and for that in
tubes may be used to epproximnte the conductance &as a
function of the heat exchanger length.

Thé conductance equations reported earlier (ses
references 2 and 3) may bo rewritten in order to take
into account the varlation of the unit thermal conductance
f, with exchanger length by a tentative method derived
as follows:

Derivation of Equations

For the turbulent regime the averagze unit thermal
conductance for the length 1 along a flat plate (ses
raference 3) is

fc.l = 9.36 X 10_4 TO-BSB 1-—0 -2 GO-B (9)

The local or polint v=lue of 'fc ney ba frund fron the
expression (seo roference 4, p. 38):

fo = fo (1+n) (10)

whore =a is the oxponont o2f ¥ (-0.2) in equatila (9), so
that

[y X X
fo_ = 0.8 fg, = 7.49 x 107 % p7:9°¢ gani (11)
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The average conductance ln a long tube or duct of
hydraulic diameter D (see references 2 and 3) 1is

O«8

£, = 5.56 x 10™* m®%°¢ O

Along a tubular heat exchanger or in the espace betwoen
flat-plate fins the conductance near the entrence is given
. by eguation (ll) and that near the end of the passage by
equation (12).

The correct mechanlism of heat transfer at any point
x may be charactsrized by the equation ylelding the greater
magnitude of f, at that polat. By seguating the right
gsides of equations (11) and (12) the vaiuve of x/D for
fen = f¢ cx 1s 4.4, ‘'Taerefore at a distance of x = 4,4D
from the entrance of the tubular heat uvuxcharnger or from
the entrance to the space between two flat- plate firs the
local values of £, darived from equations (11l) and (12)
ars cqual and at thls point it ecan be sald thet the flow
is fully developed (txzat is, the tube or space 1z comnlctely
filled by the boundary layers).

Since equation (11) yilzlds a higher value of f, up
to the point where x = 4.4D, thls equation is used to
evaluate the local value of fcz up to this point., The

average valus of for any lensth 1 wup to tie point
X = 4.4D may be aergved frow equation (9).

For dlstances alonz & tube, channel, or fin sreater
then x = 4.4D, the local value of £, from equation (12)
is higher (furthermore it 1s cons:ant with length). Thoera-—
fore eguation (12) is used to calculaie the local f, for
all values of x Dbetween X = 4.4D and the end of tus tubde
or fin.

The average value of f, for a distance srester than
x = 4.,4D " is & combination of squations (11) and (12). For
a tube of hydraulic diameter D and lenzth L z 4.4D, the
average f, would thus bde

x=4.52D x=L

-
| fo. dx + f dx ] (13)
- LO * £4|4D CD -

L]
1
Hf~
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Let equation (12) be written as

0.8
- -4 .0.298 @ _ 01

wvhere

Equation (13) becomes

e = I_ —r dx + £, dx
L x . *D -
=0 x=4_'-‘I.I)
and, since
ch+ ¥ (x)
£ = 3 rc 1 (4.4p-0)°"°
c I l_ 1 5.8 (4.40-0) + foy (L-4.4D)
or
1 6 0.8
f = = |—=" (4, -
c T L !_0_8 (4.4D) + fo (L 4.41))]
and
G1= 7.49 X 10—‘TO.296 GO-B
Hence
-
1 ,7.49 -4 _0.398 _0.8 4,4D
fo = = |=———x10"% p 22D _
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It can be seen from squation (11) that the term

G_o.a

7.49 x 10~% no°e®8 __ G -
(4.4p)0-58

is equal to fcx for x = 4,4D whilel was saown to be
also squal to fcp &t this value of x. So equation (14)

can be rewrlitten as

1

1, fep i
f === 4,4D + f 1-4.4D
¢ 1 L .8 cp )J
= D L D f
1.25 x 4.4 3 fo + £, 3 - 4.4 2 Top
= 0,25 % 4.4 D f + f
L °D Cp
£ = f |1+1.1-]-’-J (15)
c Cp w L

Eence for tudbes or fins of lengtia L p 4.4D, whare D
1s the hydraulic dlameter, the averrsge conductance fo 1s
greater than that exnressed by ecquation (12), using the
hydraulic diameter as the significant dlme=nsion, by the

multiplier ‘1 + 1.1 %]. For o circular tube in which

L
D =1 inch and L = 12 inches this factor is 1.092, in-
dicating a 9.2 percent correction to equation (12).

The equations abova hold for tize system where a fin
or tube lg placed in a fluid of unlform velozity distrivution
and the transition of tiae boundary layer from lamiaar to
turbulent flow oc-curs very near thoe orizim of the bouandary

layer.

In the actual aystem where fins are attachsd to a
surface over which a fluid is flowing, the leadlng edgze of
the fin or flat plate is subjected to a nonuniform distri-
bution of fluid velocity since the veloclty is zaro at the
-wall or base of the attached fin.
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Another deviatlon 1s found in the system where long
‘"continuous fins are cut or slotted at reagular intervals,
-.The. veloclity distribution may or may not be appropriate
to initlate boundary layers at each slot if the slots
are narrowv,

The effect of plaocing cuts or slots of various slzes
and spacings along flat-plate fins 1s balng investigated
at present in the laboratory. Experiments are also belng
planned to determine the unit thermal conductance as a
function of the exchanger length naar the 1nlet.

Recapltulation of Equatloas

The following crltsrion is presented tentatively
(turbulent regima estadlished in the boundary layers):

1, For 0 < x & 4.4D

(2) The locul conductance fo, &t the distance
x 1s expressed by equatioan (11)

o.8
o.coe G

-4
£o..= 7.49 x 107% 1 —53

(11)

(?) The averagze conductance fc1 for the length
x 1is given by equation (9)

G_O-R
fe, = 9.36 x 10~* po-2es ©(9)

=

2e For b 4 : 4,4D

(a) The local constant conductance f°D' expressed

by equation (12), is independent of the
distance from the entrance of the heat
exchanger. Thus

. . 8 GO-B
. - o.888
ch ='5.56 x 10 T ?—"? (12)
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(b) The average walue of £, for a length
greater than or equal to x = 4.,4D 1is
glven by equation (15)

C D
£ =7 1+ 1.1—] (15)
c Cp L_ L

where I 1s the length of the fin or tube, TIquations
(5) and (6) can nowv be rewritten:

£,, = 5.56 x 107% m, 0898 Gaz.: jl+ 1.1 2a | (5a)
Da™ " L J
and
» D.A
fo, = 5.56 x 107° 1. °""%7 555—: 1+ 1.1 %3} (6a)
& L
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from equation (12)_

-
from equation (9) A

from equation (11) b

8 10 12 14

S .
== — -
—— i
- ~ et T ~ <turbulent boundary layers
N\
-« BES - - '
\\ .
\ \\ <
\ “For 0 < x = 4.4)D
Y
\\ fcx from equation (11) (local value)
\
\ fcl from equation (9) (averags valus)
\
\

“For 4.4D S 1 < total length

fcx from equation (12) (local value)

fo from equation (15) (average value)




22

Discussion of Previous Heater Results

The sigrnificant ratio of the heat-exchanger dlimensions
x/D = 13,4 for the distance to the point of fully developed
fluild flow reported previocvsly (sse reference 3) was in
error, since 1t was derived By equating the ripht sides of
equations (9) and (12) instend of squations (11) and (12)
a8 previously shown.

Lonsitudinally Finned Tubegs.-~ Thus the conclvsions

renched (reference %, p. 27) concerning the metkod of cal-
culating the rate of lLeat transfer from a 6-~inch-long fin
aro partly in error. It was steted that since the ratio
of L/D uas less than 13.4 tha £, from equation (10)
(using L) yielded the correct heat flov; wherens the use
of equation (9) (using D) yilelded hesat-Ilov rates about
3 nercent belov the measured rates, TFor tlhe 6-inch fins,
the ratio of L/D vas 10,5 for the ventilating air side
and 7.8 for the exhaust ges side (arithmetic average is
9.,3). Trese rntios then are freater than I/D = U, k4;
hence eauation (15) should have been us3d. 3By using the
arithmetic* avaraze L/D = 9.3, tane muliinlier

1
[1 + 1.1 g' becomes approximatel~ 1.12, or a corrsection

of 12 percent over that wlich wos obtained by using fe

alone which ylelded low rates of hart transfer by 3 per-
cent. Thus the predicted ratos of hernt transfer would

have beon 9 percent above the wmeasured valus. That those
predictions were high mway be exmlainod in part by the
probable ineffectiveness of the slots placed at H=inch
intorvals alon;, the fina, since onlFy a small gan (1/1€

inch) was usod. (3ee conclus‘on & on p. 28 of reforence 3.)

The rredicted results of the heat flow from the 52-
inch fins (see referencs %) are not, however, appr=clabdly
affected, since tho correction factor in equatioa (1l5) is
only 1,014, which means ounly a l.4-percent error.

Airesearch Eo._2_beater.~ The over-~all ther=mal con-

ductance of the Alreseareci no., 2 henter C¢escrlihed in this
roport hes been recalemlated vsing equation (15), Thus

G - S - e e e e G G S S e M s e B S CEN S G S e P R v S T W e S e M G Ge W= b D S e Gmr G TR S T Wme e e e EOE

*The correct result vould b2 obtained by correctin; the
fc on the air and gas sides by tho correspondiny values
of L/D and recomrutins the over-all conAuctance U,
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equations (5) and (6) are rewritten as
- - R .0« 8 )
£, = 5.56 x 1074 m,0-3%8 Ba___ (4 1.1%2) (5a)
a
and
6,°*"® / D
fc = 5.56 X 10-4 7 n.288 -—5—-——-- 1 + 1_1._E> (Ga.)
& € p 22\ 1
& )

The previons measurements of heat transfer on the
larger Alresearch no. 1 heater were uzad to compute the
thermal effect of the tapered end sections by subtractlng
the predicted over~all thermal conductance of tha full-
fluted center section from tiahe total z2sonductance derived
from lzboratory messurements. Howevar, equations (5a)
and (6a) were used to predict the coanductancees in the
full-fluted center section lnstead of the analogous
equations (5) and (6) without tae multiplier (1 + 1.1 D/L).
The conductance of the ands, wilch are practically the
seme as those on the smallor Alrssearch no. 2 unilt, was
found to wvery in the followinz manner:

wa (UA)ends
(1b/hr) (Btu/ar °p)
3000 . . 70 '
5000 ' 81
6000 85

The over-all conductence of the Airesearch no, 2
heeter was then found by edding the corductance for the
uniform full~fluted center sectlon prasdlcted for this
heater by means of equations (4), (5a), aad (8a) to the
value of (UA)gnqs for the larger no. 1 haater aevaluated
at the corresponding air rate ¥y from the tabdle above,
using the approximate equation (7)

q_a = (UA) Atlm = L(UA)c.enter-"' (U'L)end.s] At‘l,m (7)
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The resulting magnitudes of the over-all thermal
conductance using equations (4), (5a), (6a), and (7)
are within 1 or 2 percent of those derived from the use
of equations (4), (5),  (6), and (7), shown in fig. €,
which do not take into account the L/D effect in the
full-fluted center section.

Hovever, the use of equations (5a) and (fa) ylelds
values of TUA along the center full-fluted section*
vhich are 3.2 vpercent higher for the largse Airesearch
no. 1 heater and 6.4 mercent hipher for the smaller
Aliresesrch no. 2 heater than is tkhe vnlue nf TUTA ob-
tained by use of equations (5) and (6). The metkod
vsed in this report for establishing the hent flow
through the tavpsred ends of the heater theresfore nasks
the variations of UA - ceused 1Py use of the tvo forms
of the equations for f, along the certer smactions of
the hemter. That 1g, the difference 1in the wvaluse of
UA for the center section of the larse no, 1 heater
regsulting from use of the tvo forms of th+ equmtions
for f, 1is absorbed in the tapsred end correction (Uk)ﬁnds
and carried through to the calculstion for thLe smaller
ne. 2 heater., This differenca does not then aAvprar in
the final valu~ of U4, .

Alresecmsrch_png._.~_heaier.- For the largar Airasearch
no. 1 hreatr the use of =quations (%a) and (6a) in the
computation of TA (ser raference 1) vould have decreased
the discrepancy tetwaen the measured and predicted velues
by about 3 perc=ent. (The discrerancy renortrd vas as much
as 18 percent.)

heater (see also r=ferenc= 1) the ratloe of L/D as about

15.0; hence the multiplier kl + 1,1 %:: 1,073. This

fauctor used in equations (5a) and (6a) would have reduced
the discrevancy between the pr=dlected And measur~d magsni-
tudes of UA from about 20 percent to about 13 mercent.
*For the full-fluted c=nter sectlons of the Airesearch
heaters the magnitude cf L/D for the larre no. 1 hentar
is 34.0 and for the smaller no, 2 heater it is 17.2,
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TABLE I.— AIRESEARCH - FLUTED=TYPE HEATER *2
AIR —SHROUD OPENINGS ON SAME 'SIDE . :

HEATER. OVERALL

AIR SIDE > <——— EXHAUST-~ GAS SIDE e TEMPS. {PERFORMANCE
' ’ . - ; - * * ot
T | Tau | AT | Wa | AR | G | Toi | To. | ATo| Ws | 4P| g ‘%2 et oy ) wa)
° ° ° _Lb__ Inches| K Btu o ° _“2__ "Inches 5 Et . a o Btu
(ol R I B I v b v R B B I o FCF T | heeF

1| 97| 358 | 261 |4000| /2.0 |252 | 1411 |7377|38 | 7690| 7.08 | 80.0 | 0.32| 404 | 616 {1160| 217
97 | 378 | 281 3400|900 |23/ | 1420|1385\ 35 | 7740|730 | 746 | 0:32| 440 | 667 | 1160 199
3 | 97 | 40 |33 |2700| 610 (208 | 1411 |1368|43 | 7690|730 | 91.0 | 045|484 | 718 |130| 184

N

4 | 95 | 400 | 305 |2750| 6.10 (203 |1398 1355 43 | 2230 | 665|855 0.42|493 | 697 |1130| 182
S | 95 | 358 | 263 |3400| 920 (217 (1394|1320 | 74 | 72301 650°| 147 |068 | 413 | 624 |1130 | 192
6 | 93 | 333|240 |4100|/2.3 (238 |1390|1360.| 74 | 7250 | 645 147 {0:62|'373 | 58/ 1140 200

7 | 89 | 319 | 230 |4100| 625 (228 | 1403 | 1282|121 | 990|445 197 087 | 346 | 501 11130 | 202
89 | 344 | 255 |3350| 875 |207 | 1394|1325 69 | 5940 | 451|113 055 | 366 | 381 {1140 | 182
9 | 89 | 377 | 268 |2650| 600 /65 | 1385|1312 | 73 | 5940|460 [1/9" | 065 |43/ | 641 {Ill0 | I67
10 | S0 | 430|340 |2000| 367 | /64 | 1424 | 1368 56 | s9u5°| 4747 914|056 | 549 | 748 \120 | 146

0]

11| 93 | 395|302 |/1950| 360 |/42 | 1420|1338 | 82 | 4230|270 | 954|067 | 448 | 654 1120 | 127
12 | 89 | 347|258 |2640) 590 |165 | 1398|1312 | 86 | 4230|270 (100 |0'60| 377 | 572 |//i30 | 146
13 | 86 | 308|222 |3440| 890 |/185 | 1385 1282 |1a3 | 4230 260 {120 |0.65| 328 | 502 (1130 | 164
14 | 85 | 284|199 142001124 (203 | 1408|/3/2 | 96 | 4230260 | 112 065 | 292 | 466 1175 | 173

% Arithmetic average of three surface temps. measured near exhoust-gas inlet to heater. (see Fig. 6 )

* " " n n n " n " " " outilet to heater. " " "

92:



TABLE II.— AIRESEARCH

FLUTED-TYPE

HEATER *2

'Y

outlet

AIR—SHROUD OPENINGS ON OPPOSITE SIDES
HEATER OVERALL
AIR SIDE -—— EXHAUST-GAS SIDE TiMPS. PERFORMANCE
' ' * :
Run | Tar | Tas | 6Ta| Wa | AR G| To | Toe ATg| Wy | AR | gq 733_9 G| te | Aty [(UA)
Q

| eF | ° °F | b5 | Inches KBtu ° °F | °F | dbs |Inches| kBtu o | o | °F | Btu
Ne L Pl ¥ Hz‘;s “hr F Fir hr n;zo hr F | hreF
29 | /04| 362 | 258 |4/50 [ /2.3 | 259| 1407136839 | 79/0 | 700 (850| 033|397/ | 672 | /150|225
30 |/104)| 380|276 |3560] 965|239 1415|368 |47 | 7940|700 /03 | 043|424 | 7I7 | /145 | 208
3/ 1700 | 422 1322 |277016.20|2/6 |1424|/364 |60 | 7940( 735 |/13] | 0.61 |493| 815 |//125 /192
32 1023731271 |2770| 5951182 | 1420} 1360} 60 4490 |2.60 | 741|041 | 400 | 674 .//4.5' 159
33 | 98 | 332|234 |3560| 905|202 | /415 |/334| 8/ 4490|250 |/00 | 050 | 341 6'8.? /60 | /74
3¢ | 96 {311 | 215 |azso| 122 | 223 |1403 1316 |87 |24901250 (108 |048| 301 | 527 1150 | 194

5% Arithmetic average of three surface temperatures measured near exhoust—gas Inlet to heater. (see Fig. 6 )

L2

|
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TABLE III
AIRESEARCH FLUTED-TYPE HEATER NO, 2

PRESSURE DROP DATA

Measured Predicted | Measured

isothermal non-- non-
Run| W G pressure |isothermal | isothermal| T1 [ T2 | Ty
drop pressure preseure
&P, drop drop
iso AP AP

(15/nr | (1b/sq ft)
(10/nr)sa £t) | (Ty4,=560°R)| (1b/sq ££) | (1b/sq ££)|(°R)|(°R) |(°R)

Air Side (air—-shroud openings on same side)

14 | 4200 | 23,300 47.5 62.6 6,2 BU5 1 TUd| 6L5
5 | 3400 | 18,900 33.5 4g.,0 47.8 550 11| 680
3 | 2700 | 15,000 21,6 32.8 31.5 5571 870( 713

10 | 2000 | 11,100 12.3 19.1 19.0 550 | 890| 720

Air Side (air-shroud openings on opposite sides)

34 | 4290 | 23,800 54,5 74,1 63.5 556 | 771| 663
33 | 3560 | 19,800 39.0 53.9 47.0 558 | 792| 675
31 | 2770 | 15,400 2h,6 37.8 32.2 560 | 882| 721

3 | 7690 35,900 9.50 33,4 3749 1871|1828|18L9
6 | 7250 33,900 8.60 27.3 33.3 1850|1776(1813
10 | 5915 | 27,600 6.10 21.2 2. g 1884 1828(1856
14 | 423014 19,800 3,50 10.3 13.5 1868(1772]1820

These entries are taken from plot of AP, against W, or AP, against
Wg, since actual isothermal measurements were at slightly different fluid

1.13
AP = Al:"I'J.so <T1so> (3600)2 Y, €< - l) (&)

rates.
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stand.

Figure 1l.- Photograph of heater test



Figures 2 and 3.- Photograph of Airesearch No.2
heater,

3 . RRPRNE:
ﬁfr ., (SR

Figure 4.~ Photograph of Figure 5.- Photugraph of
heater in heater in
test stand with air- test stand with air-

shroud headers in normal shroud headers in reversed
position. position.



Fig. 8
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Cross—~section area, ftg 0.180 0.214
Wetted perimeter, ft 9.88 9,72
Heat transfer perimeter, ft 1 8,66 B.66

~ Weight of heater - 223 1b, shroud - 10 1b
Figure 6.~ Schematic diagram of Airesearch No. 2 heater and air shroud.
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Figure 7.~ Thermal output of Airesearch No.2 fluted-type
heater as a function of ventilating-air rate.



/
NACA _ Fig. 8
240
220
q1
- X
) + ,Predicted
200 : uj i curves
v 7, Wg = 7940 1v/hr
. X / 5940
4230
5 +
180 A //
(ua) o
_Btu_ + 5 /
hr OF
160 4 ///

+ (o]
Bxperimental Points

140 ,
/V Wg X 7940 1b/hr .
~ 7700 O
/] 7230 X
/ 5940 +
120 7 4490 v
4230 o
100
80
60
0 1000 2000 3000 4000 5000 6000
Wa, 1b/hr

Figure 8.- Overall conductance of Airesearch No. 2 fluted-
' type heater as a function of ventilating-air
rate. :




NACA . Fig. 9
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Flgure 9.~ Pressure drop on air side of Airesearéh No. 2 heater as a
function of ventilating-air rate.
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Figure 10.- Pressure drop on air side of Airesearch No. 2 heater as a
function of ventilating-air rate. (Air-shroud openings on_

opposite sides.)
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Fig. 11
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Figure 1ll.- Pressure drop on exhaust-gas side of Airesearch No. 2
heater as a function of exhaust-gas rate,




g




